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In this work a reliable full nine-dimensional potential energy surface for studying the dynamics of
H5
+ is constructed, which is completely symmetric under any permutation of the nuclei. For this
purpose, we develop a triatoms-in-molecules method as an extension of the more common
diatoms-in-molecules one, which allows a very accurate description of the asymptotic regions by
including correctly the charge-induced dipole and quadrupole interactions. Moreover, this treatment
provides a semiquantitative description of all the topological features of the global potential
compared with coupled cluster results. In particular, the hop of the proton between two H2
fragments produces a double well in the potential. This resonant structure involving the five atoms
produces a stabilization, lowering the barrier, and the triatoms-in-molecules yields to a barrier
significantly higher than the ab initio results. Therefore, to improve the triatomics-in-molecules
potential surface, two five-body terms are added, which are fitted to more than 110 000
coupled-cluster ab initio points. The global potential energy surface thus obtained in this work has
an overall root mean square error of 0.079 kcal/mol for energies below 27 kcal/mol above the
global well. The features of the potential are described and compared with previous available
surfaces. © 2010 American Institute of Physics. doi:10.1063/1.3454658
I. INTRODUCTION
The relative abundance of deuterated species is approxi-
mately 104 times higher than the D/H ratio of the galaxy.1
The formation of deuterated species in gas phase at the low
temperatures of interstellar medium is determined by differ-
ences in the zero-point energy ZPE, which favors deuter-
ated species.2,3 H3
+ plays a central role in interstellar ion
chemistry, specially as the universal protonator through reac-
tions with deuterated H2D+, for example.4–7 Deuterated H3
+ is
formed via the HD+H3
+→H2D++H2 proton-deuteron ex-
change reaction, and isotopic variants, which has been
widely studied experimentally.3,8–11 The characterization of
these reactions experimentally is overwhelmingly difficult
and some guidance from theoretical simulations is required.
From the theoretical point of view, this system is still too
complicated to perform full quantum dynamical calculations,
and only recently a seven-degree-of-freedom scattering cal-
culation of the H2+H2D+ reaction has been reported.12 The
symmetry constraints imposed by nuclear spin angular mo-
menta were first treated by Quack13 and later on by Oka,14
which were experimentally confirmed by measurements in
plasmas at 300–500 K.15,16 These considerations were taken
into account to calculate reaction rate coefficients using sta-
tistical methods.11,17 These approaches have assumed that the
reaction is mediated by long lived resonances, and using the
isotropic ion-induced dipole long range part of the potential.
A reasonable agreement between experimental and theoreti-
cal results was obtained at low temperatures 10 K,11 by
making different assumptions about the hydrogen exchange,
in the weak or strong ergodic limits. The validity of the as-
sumptions needs to be confirmed by dynamical calculations,
since the formation of long lived complexes is not expected
to be dominant, specially at higher energies, due to the shal-
low H5
+ complex well of 8.58 kcal/mol.18 In addition, some
discrepancies at very low energies between quasiclassical
trajectory calculations and experiment have been attributed
to possible quantum effects.19
To go beyond statistical approaches a potential energy
surface PES, including all degrees of freedom and of high
accuracy for the low interstellar temperatures of interest, is
essential. Many ab initio calculations have been devoted to
characterize this system at fixed geometries,18,20–27 while in
contrast until now only few global surfaces have been
constructed.19,28–31 The most accurate one31 presents some
problems, specially at the asymptotic region, as noted by the
authors, and such behavior should be improved because of
its special relevance in dynamical studies at low tempera-
tures. More recently a density functional theory DFT based
PES has been reported for H5
+
.
32 This surface shows very
good global behavior with small differences of 0.5 kcal/
mol with respect to CCSDT calculations and is indicated
for “on fly” dynamics calculations.
The purpose of this work is to generate a global PES of
higher accuracy. To this aim, in the analogous H3
+ system a
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diatoms-in-molecules DIM33–36 description was considered
to describe the asymptotes, and three-body terms were added
to fit ab initio points to produce a spectroscopically accurate
global PES.37–39 The advantage of using DIM is that the
asymptotes are described correctly and provides a good zero-
order description of the PES. When applied this procedure to
H5
+ the problem is that the DIM method is not capable to
describe the H3
+ triatomic fragments. For this reason, in the
present work an extension of the DIM method is proposed by
considering a triatomics-in-molecules TRIM method. Such
approach is able to describe accurately the H2+H3
+ asymp-
totes, and further provides a good global description of the
overall interaction PES of H5
+
. Taking TRIM as a zero-order
PES, then five-body corrections are added to generate an
accurate full-dimensional PES of the H5
+ system.
The organization of the paper is as follows. Section II is
devoted to describe the ab initio calculations, the DIM and
TRIM treatments, and the fitting procedure followed to in-
clude the five-body correction terms, considering the full
permutation symmetry of the system.40 Section III presents
the results and compares them with previously proposed PES
for this system. Finally, in Sec. IV some conclusions are
presented.
II. THEORETICAL METHODOLOGY
A. Ab initio calculations and coordinates
Following the analysis done previously on the accuracy
of different methods and basis sets,30 the ab initio calcula-
tions are performed using the coupled cluster treatment with
single and double excitations, and perturbative treatment of
triple excitations, CCSDT, as implemented in MOLPRO
package,41 and the cc-pVQZ Dunning’s quadruple-zeta cor-
relation consistent basis set.42 The energy of the five nuclei
completely separated is 1.999 782 274 a.u. calculated as
four times the energy of the hydrogen atom with this basis,
which hereafter is taken as the zero of energy.
Dealing with a chemical reaction, it is normally argued
that it is necessary to use multireference methods to account
for the full electronic correlation in which the main elec-
tronic configurations change from reactants to products. Note
that in many cases multiconfigurational methods like
CCSD using a single reference configuration are often ad-
equate to describe some reactions. In this case, for example,
the reaction implies the breaking of a bond and the formation
of a similar one, and due to the high symmetry of the system
it is only needed to explore one of the ten possible rearrange-
ment channels. For all this a single-reference method like
CCSDT is expected to work properly. To check this we use
the argument, first developed in Ref. 43, of calculating the
norm of the t1 vector as a priori prediction of the reliability
of results obtained from a single-reference-based electron
correlation procedure. The t1 amplitudes in coupled duster
theory are closely related to the coefficients of singly excited
configurations in configuration interaction theory, and when
it takes values smaller than 0.02 it is considered that the use
of one reference configuration is enough to describe the sys-
tem. Thus, the t1 amplitudes have been calculated in all the
points. Typically, for energies up to 27 kcal/mol above the
bottom of the well, the t1 factor is always of the order of
0.005, and for very high energies it may rise values up to
0.01–0.015. Thus, the use of CCSDT method is considered
to be adequate to study this system.
In addition, in order to determine the basis set superpo-
sition error BSSE, the counterpoise method of Boys and
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FIG. 1. Coordinates used to describe H5+. r12, and r34 are the internuclear
vectors between atoms 1 and 2 and 3 and 4, respectively, with the vector r12
in the xz plane. R goes from diatom 12 center of mass to diatom 34 center
of mass, both placed along the z axis. Finally, r5 goes from diatom 12 center
of mass to atom 5. The azimuthal angles,  and , are defined anticlock-
wise, being zero when vectors r34 and r5, respectively, are in the xz plane.
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FIG. 2. Energies in kcal/mol referred to all the atoms separated for each
stationary point calculated with CCSDT, TRIM, and DIM methods. The
geometries of the stationary points, as defined in Ref. 30, are shown with the
corresponding numbering.
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Bernardi44 has been used to estimate the corresponding cor-
rections in about 30 000 points. The analysis has been di-
vided in different energy intervals. Thus, for the 18 549 ab
initio points below the H2+H3
+ limit 324.5 kcal/mol the
average BSSE error is 1.5110−53 cm−1. Since this error
is much lower than the error of the present full-dimensional
fit, the BSSE error has been neglected.
The coordinates defined in Fig. 1 are used to define the
grid of points at which ab initio calculations are performed
and to describe the cuts of the PES. In addition, ten specific
geometries, corresponding to the lower lying stationary
points of the PES,30 shown in Fig. 2, will be used to compare
the accuracy of the different methods applied.
B. DIM treatment
The DIM potential for several Hn
+ ions has been devel-
oped previously, and energies at various configurations were
reported.45 However, no explicit expressions of the matrix
elements have been given. Here, the DIM matrices are ex-
plicitly described for H5
+
, aiming to introduce the main con-
cepts and equations needed to develop the TRIM description
of H5
+
.
For a system of four electrons there are two
combinations with total spin zero, S=0, whose eigen-
functions are S1=
1
2 1234−1234−1234
+1234 and S2=1 /2321234+21234
−1234−1234−1234−1234, which can
be written in a general form as
SI = 
	
C	
I 	1	2	3	4. 1
For the orbital part of H5
+ a minimum basis set is consid-
ered composed by one 1s function for each hydrogen atom.
Five functions i are then obtained, corresponding to an
electron hole on nuclei i, and one electron in each 1s func-
tion of the rest of nuclei, written in a compact way as
i = sj1sk2sl3sm4 with 	 i, j,k,l,m = 1,2, . . . ,5 cyclicj = i + 1,k = i + 2,l = i + 3,m = i + 4.
 2
The total basis set for H5
+
, obtained by the direct product
of spin and orbital functions, is composed by ten functions of
the form

iI = AiSI, 3
corresponding to linear combinations of Slater determinants
or configurations, where A=1 /n!p−1pPˆ is the antisym-
metrization operator, with P denoting the different permuta-
tion operators, and fulfilling AA=n!A.
The spinless electronic Hamiltonian is partitioned in
atomic and diatomic fragments, corresponding to different
rearrangements of the electron on the nuclei according to the
DIM method.33–36 In the present case, in agreement with the
orbital functions used, the ith partition takes the form
Hˆ e  Hˆ e
i
= Hˆ ij
+1 + Hˆ ik
+ 2 + Hˆ il
+3 + Hˆ im
+ 4
+ Hˆ jk1,2 + Hˆ jl1,3 + Hˆ jm1,4 + Hˆ kl2,3
+ Hˆ km2,4 + Hˆ lm3,4 + O , 4
where the Hˆ ik
+ are monoelectronic Hamiltonians of the H2
+
fragments i , j denoting the nuclei involved, Hˆ jk are bielec-
tronic Hamiltonians describing H2 fragment jk, and O de-
notes the atomic fragments which yields to a constant and
will be neglected hereafter.
The Hamiltonian matrix elements 
iIHe
iI are sim-
plified if He is partitioned according to the 
iI function in the
right-hand side as

iIHe
iI = 
	

	
C	
I C	
I

p
− 1pPˆ iSIHˆ ei iSI . 5
The action of the permutation operator Pˆ on the iSI func-
tions is given by
Pˆ iSI  Pˆ 	1	2	3	4sj1sk2sl3sm4
= 	1
p	2
p	3
p	4
psjp1skp2slp3smp4 . 6
Introducing Eq. 4 in Eq. 5, individual matrix ele-
ments for H2
+ and H2 fragments can be distinguished, which
take the form
Pˆ iSI
e=1
4
Hˆ i,i+e
+ eiSI = 	1	1p	2	2p	3	3p	4	4p

e=1
4
 
ee
ip+e,i+esip+eeHˆ i,i+e+ esi+ee 7
and
Pˆ iSI
e=1
4

e=e+1
4
Hˆ i+e,i+ee,eiSI
= 	1	1
p	2	2
p	3	3
p	4	4
p
e,e
 
ee,e
ip+e,i+e
sip+eesip+eeH
ˆ
i+e,i+ee,esi+eesi+ee ,
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respectively. These matrix elements are evaluated in the Appendix, and after some algebra the Hamiltonian matrix can be
factorized as
H = H11 H12H12 H22 , 8
where, H11 is a 55 matrix corresponding to the first spin component, whose matrix elements are given by
H11 =
H1111 − +R12/2 +R13 +R14 − +R15/2
− − H2211 − +R23/2 +R24 +R25
− − − − H3311 − +R34/2 +R35
− − − − − − H4411 − +R45/2
− − − − − − − − H5511
 . 9
Analogously, H22 matrix, corresponding to the second spin function, is expressed as
H22 =
H1122 +R12/2 − +R13 − +R14 +R15/2
− − H2222 +R23/2 − +R24 − +R25
− − − − H3322 +R34/2 − +R35
− − − − − − H4422 − +R45/2
− − − − − − − − H5522
 . 10
The nondiagonal matrices between different spin functions, in H12, take the form
H12 = H21 =
H11
12 +R123/2 0 0 +R153/2
− − H22
12 +R233/2 0 0
− − − − H33
12 +R343/2 0
− − − − − − H44
12
− +R453/2
− − − − − − − − H55
12
 . 11
In these matrices the following definitions have been used:
Hii11 = +Rij + +Rik + +Ril + +Rim + V1Rjk
+ V1Rlm + 3Rjl + 3Rjm + 3Rkl
+ 3Rkm ,
Hii22 = +Rij + +Rik + +Ril + +Rim + V3Rjk
+ V3Rlm + 1Rjl + 1Rjm + 1Rkl
+ 1Rkm ,
Hii12 = Rjl − Rjm − Rkl + Rkm3,
where the different + ,+ ,V1 ,V3 ,3 ,1 , have been de-
fined in the Appendix, and the potential curves used were
developed in Refs. 37–39 for the DIM potential of H3
+ in the
ground 1A singlet and 3A triplet states, respectively.
The fragmentation pathway of interest corresponds to
H21g
++H3
+1A. The DIM H3
+ energies present an error
with respect to the “exact” ab initio ones46 of the order of
1000 cm−1. Such difference was corrected in the analytical
fits made for H3
+1A , 3A by adding three-body correction
terms to the DIM eigenvalues.37–39 Following this procedure
highly accurate PESs were constructed with an overall root
mean square rms error of 10 cm−1. Such small deviation
was possible because the DIM eigenvalues describe correctly
both the H++H2 and H+H2
+ fragmentation channels of H3
+
.
Applying the DIM method to H5
+ we found that the H3
+
+H2 fragmentation channels were not accurately described.
For this reason a further refinement is considered below, in
which triatomic H3
+ fragments are considered in addition to
the diatomic ones considered in the standard DIM method.
C. Triatomics-in-molecules method: TRIM
To describe asymptotically the H3
+ fragments, it is nec-
essary to partition the electronic Hamiltonian in a different
way to the one employed in the usual DIM method, allowing
the inclusion of triatomic subunits. In this case the following
partitions are considered:
Hˆ e
i
= 
ni,on
Hˆ ino
+ n − i,o − i − 2
pi
Hˆ ip
+ p − i , 12
where the Hip
+ p− i are the monoelectronic Hamiltonians of
H2
+ fragments, as used in the DIM method, while
Hino
+ n− i ,o− i are bielectronic Hamiltonians for electrons
n− i ,o− i describing H3
+ systems for the ino nuclei.
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The same electronic basis set, however, will be consid-
ered. Thus, when Eq. 12 is used in Eq. 5, the Hamiltonian
matrix elements become

iIH
ˆ
e
iI = 
	

	
C	
I C	
I

p
− 1p	 
ni,on
Pˆ iSIHˆ ino+ n − i,o − iiSI
− 2
pi
Pˆ iSIHˆ ip+ p − iiSI
 . 13
The H2
+ diatomic matrix elements are those of Eq. 7 defined
above. The H3
+ triatomic matrix elements take the form
Pˆ iSIHino+ n − i,o − iiSI
= 	1	1
p¯ 	4	4p 
ln−i,o−i
ip+l,n
sip+n−in − isip+o−io − iH
ˆ
ino
+ n − i,o − i
snn − isoo − i , 14
where the bielectronic integrals are obtained from the eigen-
values of H3
+
, as explained in the Appendix.
The resulting Hamiltonian matrix is of 1010 dimen-
sions and is also factorized in two submatrices according to
Eq. 8, each one corresponding to a particular spin compo-
nent. The explicit expressions of such terms are given by
Hii11 = H110 Rij,Rjk,Rki + H110 Ril,Rlm,Rmi
+ 11
1 Rij,Rjl,Rli + 11
1 Rij,Rjm,Rmi
+ 11
1 Rik,Rkl,Rli + 11
1 Rik,Rkm,Rmi − 2+Rij
+ +Rik + +Ril + +Rim ,
H ji11 = − H210 Rij,Rjk,Rki/2 − H210 Rij,Rjm,Rmi/2
− 21
0 Rij,Rjl,Rli + +Rij ,
Hki11 = − H311 Rij,Rjk,Rki − 211 Rik,Rkm,Rmi
− 21
1 Rik,Rkl,Rli − 2+Rik ,
Hli11 = − H211 Ril,Rlm,Rmi − 311 Rij,Rjl,Rli
− 31
1 Rik,Rkl,Rli − 2+Ril ,
Hmi11 = − H310 Rij,Rjm,Rmi/2 − H310 Ril,Rlm,Rmi/2
− 31
0 Rik,Rkm,Rmi + +Rim ,
Hii22 = H111 Rij,Rjk,Rki + H111 Ril,Rlm,Rmi
+ 11
0 Rij,Rjl,Rli + 11
0 Rij,Rjm,Rmi
+ 11
0 Rik,Rkl,Rli + 11
0 Rik,Rkm,Rmi − 2+Rij
+ +Rik + +Ril + +Rim ,
H ji22 = − H211 Rij,Rjk,Rki/2 − H211 Rij,Rjm,Rmi/2
− 21
1 Rij,Rjl,Rli − +Rij ,
Hki22 = − H310 Rij,Rjk,Rki − 210 Rik,Rkm,Rmi
− 21
0 Rik,Rkl,Rli + 2+Rik ,
Hli22 = − H210 Ril,Rlm,Rmi − 310 Rij,Rjl,Rli
− 31
0 Rik,Rkl,Rli + 2+Ril ,
Hmi22 = − H311 Rij,Rjm,Rmi/2 − H311 Ril,Rlm,Rmi/2
− 31
1 Rik,Rkm,Rmi − +Rim ,
Hii12 = 34 + 11Rij,Rjl,Rli − 11Rij,Rjm,Rmi
− 11Rik,Rkl,Rli + 11Rik,Rkm,Rmi ,
H ji12 = 34 H210 Rij,Rjk,Rki − H211 Rij,Rjm,Rmi
+ 21Rij,Rjl,Rli − 3+Rij ,
Hki12 = 34 21Rik,Rkl,Rli − 21Rik,Rkm,Rmi ,
Hli12 = 34 31Rik,Rkl,Rli − 31Rij,Rjl,Rli ,
Hmi12 = 34 H310 Ril,Rlm,Rmi − H311 Rij,Rjm,Rmi
+ 31Rik,Rkm,Rmi − 3+Rim ,
where it has been considered the cyclic structure of the ma-
trix elements in the basis set used.
The H31
S Ril ,Rlm ,Rmi ,31
S Rik ,Rkm ,Rmi , . . . matrix ele-
ments for H3
+ fragments have been evaluated according to
Eq. A7, as described in the Appendix. If the DIM coeffi-
cients and eigenvalues are used, the PES obtained is exactly
the same as the one obtained with the pure DIM method
applied directly to H5
+
, as described above.
These triatomic terms include contribution of excited
states of the triatomic fragments, which are missing in the
DIM description. The inconvenient is that it requires the
knowledge of several electronic states of the triatomic frag-
ments. These are only available for few systems, and consti-
tute a limitation for the application of the TRIM method.
One possibility would be to use the 33 diabatic Hamil-
tonian matrices for 1A and 3A electronic states of H3
+ to
obtain directly the matrix elements in the TRIM treatment.
This would imply an enormous effort. To overcome this dif-
ficulty, the strategy we follow here to improve the DIM de-
scription is to replace the DIM eigenvalues Ej
S
, in Eq. A7
by Ej
S+WS, where WS are the three-body correction terms
developed for the ground 1A and 3A electronic states of H3
+
,
in Refs. 37 and 38, respectively, to correct the DIM eigen-
values and reproduce the ab initio results.
It should be noted that the three-body terms used corre-
spond to the ground singlet and triplet states of H3
+
. For the
excited states obtained by the 33 DIM matrix, we assume
the same correction WS. However, within this approximation
the coefficient matrices used in Eq. A6 are consistent with
the DIM matrix, whose diagonal matrix elements are all
equally shifted. Here we adopt the strategy of adding another
term accounting for the five-body interaction terms to im-
prove the description of the TRIM-PES.
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D. Global PES fitting
The global PES of H5
+ is finally expressed in terms of the
TRIM model potential as
V = VTRIM + V1
5B + V2
5B
, 15
so that two five-body terms are added in the analytical form
in order to correct the inaccuracies appearing at short dis-
tances in the TRIM model, while it already describes cor-
rectly the fragmentation channels asymptotically. The five-
body terms V5B are treated following the method developed
for the description of H5.40 The H2+H3
+ asymptote is well
reproduced by the TRIM method, and the H+H4
+ asymptote
is about 100 kcal/mol higher in energy,47 so it will not be
considered here. For this reason, in Eq. 15 the four-body
terms48,49 are not included.
Each five-body term is expressed as linear combinations
of symmetry adapted functions50 as
V5B = 
ijk. . .t
M
dijk¯tWABCDE5 ABi ACj ADk ¯ DEt , 16
where WABCDE5 is a symmetrizing operator which in this case
reduces to an unnormalized Young operator51 for the totally
symmetric irreducible representation of the S5 permutation
group.  in Eq. 16 are Rydberg-type functions52 defined
in terms of the internuclear distance R as
 = Re−R with   0. 17
In Eq. 16 the sum is done taking into account some
constraints such as i+ j+k+¯+tM, as well as additional
ones to ensure that the five-body term does not contain lower
order contributions.40 Finally, the dijk¯t linear coefficients of
the expansion are determined, as described previously,52 by
minimizing the difference between the global potential, in
Eq. 15, and the calculated ab initio CCSDT/cc-pVQZ
points.
III. RESULTS AND DISCUSSION
A. DIM results
For the DIM model the H2 and H2
+ curves used are those
previously reported for H3
+
.
37,38 In Table I, the DIM results
obtained here are compared with those obtained previously
at some fixed configurations in Ref. 45. The agreement be-
tween the two sets of DIM results is very good, and the small
differences being attributed to the use of different diatomic
potential curves. However, in the previous study only un-
stable configurations were reported, corresponding to ener-
gies above the H3
++H2 asymptote.
Here a more detailed analysis is performed, using the
nuclear configurations of the stationary points determined
previously with CCSDT calculations, and shown in Fig. 2.
It is found that while the CCSDT minimum appears in the
1C2v configuration, the minimum with the DIM model is that
of 10C3v configuration. In fact, the DIM model overestimates
the stability of configurations with a maximum number of
atom-atom configurations, with four atoms in a square or a
tetrahedron. On the contrary, the CCSDT results show that
the structures with a proton in between two H2 molecules
the 1C2v, 2D2d, 3C2v, and 4D2h are the most stable ones.
Clearly, the DIM treatment fails in describing such struc-
tures, since the contribution of triatomic fragments must play
a fundamental role for such configurations in which a proton
is stabilized by a resonant H3
+
.
Regarding the description of the H3
++H2 interaction at
short and intermediate distances, the energy obtained with
the DIM method is compared in Fig. 3 with that obtained
with CCSDT calculations for several approaching configu-
rations corresponding to the orientations of the stationary
points of Fig. 2. First, the DIM asymptotic energy is too low
by about 10 kcal/mol, as a consequence of the inaccuracy of
the DIM model to perfectly describe H3
+ alone.37 Second, the
potential wells are too shallow and placed at longer distances
with respect to the CCSDT ones, as seen in Fig. 3. Third,
the relative energies of the different stationary points, in Fig.
2, vary significantly, providing a wrong description of the H5
+
interaction well. All these demonstrate that the DIM model
provides a poor description of the H5
+ system and further
improvements are needed.
This failure is due to the inability of the traditional DIM
method to describe three- or five-body interactions as a con-
sequence of using incomplete basis set and the usual ne-
glect of overlaps between basis set functions. One possible
way to improve the DIM description is to use the so-called
dressed-DIM approach.53,54 In this method, a many-body
term is added to each diatomic term, what modifies the
whole DIM matrix. When applied to triatomic systems, this
implies three-body terms in the diagonal and off-diagonal
DIM matrix, and has been successfully applied to obtain
multisheeted PESs of the singlet states of H3
+
. When this
method is applied to H5
+
, the generalization of the method
would imply the inclusion of five-body terms in diagonal and
off-diagonal terms. Such terms are very difficult to obtain
accurately, specially when taking into account that the pro-
cedure of changing the terms of a matrix is highly nonlinear.
For this reason, in this work we use the alternative of
generalizing the DIM approach to directly account for three-
body terms.
B. TRIM results
1. H3+ PESs used within TRIM
The TRIM model constructs the zero-order PES by com-
bining all possible triatomic arrangements within the penta-
atomic H5
+ system. It is then very important to properly de-
scribe the triatomic PESs for the H3
+
. In addition, the
inclusion of long range term interaction is very important,
specially when treating charged systems, and many methods
TABLE I. Total energies in kcal/mol of optimized H5+ structures obtained
at DIM, TRIM, and CCSDT/VQZ levels of theory. Zero of energy corre-
sponds to all the atoms separated.
Conformer CCSDT DIM TRIM Ellison 1963
Lineal 291.1476 274.2859 270.7189 277
Pentagonal 178.9530 219.4825 207.4549 222
Pyramid 105.5286 202.0241 189.7843 208
Bipyramid 146.4690 170.2538 151.8392 178
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have been developed for this aim.39,53,55 The TRIM approach
allows not only to describe properly the vibrations of H3
+ and
H2 fragments, but also the long range ion-induced dipole and
induced quadrupole interactions among them. For describing
this last interaction it is then very important to represent as
accurately as possible the H++H2 and H+H2
+ interactions. At
this regard, here we use the procedure described in Ref. 39
applied to the ground singlet state of H3
+
. Briefly, this method
consists in partition the total interaction potential as a DIM
contribution plus a three-body term as previously
reported,37,38 and in order to improve the long range
H++H2X1g
+ the ion-induced dipole and induced quadru-
pole interactions have been included39 in the diagonal matrix
elements of DIM matrix as
VH+−H2R,r, = Q2rP2cos R
−3
− 0r/2
+ 13 r − rP2cos R−4,
18
where R is the distance from the H2 center of mass to H+, r
is the H2 internuclear distance, and  is the angle between
r and R. The quadrupole moment Q2r of H2 and the
average, parallel, and perpendicular polarizabilities of the
H2, 0r ,r, and r, respectively, as a function of
the H2 internuclear distance r are described in Ref. 39.
The H+H2
+2g
+ long range interaction energy is well
represented by the spherical charge-induced dipole and in-
duced quadrupole dispersion energies as39
VH−H2+R = −
9
4 R
−4
−
15
2 R
−6
, 19
which essentially corresponds to the H−H+ long range
interaction,56 and where R is the distance between the H2
+
center of mass and the H atom.
These two terms diverge at origin R or R tending to
zero and should be dumped at a suitable distance to avoid
singularities in the global PES. As it is mentioned in Ref. 39,
to do this we have replaced the distance R or R by a modi-
fied distance of the form for example for R
R˜ = R + R0 exp− R − Re .
The advantage is that this procedure is done in the diagonal
DIM matrix elements, each one corresponding to a particular
diabatic H+H2 channel. Thus, when the DIM matrix is di-
agonalized to provide the ground eigenvalue, it produces
completely symmetric results for the exchange of the atoms,
allowing a high accuracy when the three-body terms are
added.39
Here, this procedure has been used to fit the ground sin-
glet and triplet states of H3
+ using CCSDT points obtained
here with the same basis set, as mentioned in Sec. II A, for
H5
+
. In this way, we minimize any possible small disagree-
ment with the results of H5
+
. A total number of 7878 and 8000
ab initio points were calculated for the singlet and triplet
states, respectively, obtaining overall rms errors in these fits
of 0.012 and 0.16 kcal/mol, respectively.
The excited states have been approximated using the
second DIM eigenvalue plus the three-body term developed
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FIG. 3. Energy as a function of R for different geometries, as defined in Fig. 2, with the following coordinates: 1C2v :r12=0.812 66,r34=0.7662,
r5=0.7895,=== /2,==0, 3C2v :r12=0.814 05,r34=0.764 44,r5=0.647 07,== /2,===0, 5C2v :r12=0.872 36,r34=0.749 74,
r5=0.753 26,=== /2,= ,=0, 6C2v :r12=0.858 449,r34=0.745 71,r5=0.778 16,= /2,====0, 7C2v :r12=0.872 22,r34=0.748 74,
r5=0.752 46,== /2,==0,=, and 8C2v :r12=0.873 45,r34=0.743 19,r5=0.756 50,= /2,===0,= distances are in a.u., energy in kcal/
mol referred to the five hydrogen fragments as zero of energy.
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for the fit of the ground H3
+ eigenvalues. This approximation
is described in section II C and the Appendix, and its effects
on the TRIM method are discussed below.
2. Asymptotic H2+H3+ interaction
The asymptotic VH+−H2, in Eq. 18, can also be used for
describing the long range asymptotic H2+H3
+ interaction.30
This is good provided that the distance among them is suffi-
ciently long, as compared with the size of H3
+ molecule.
However, as the two fragments approach each other, the ef-
fect of the delocalization of the positive charge in the whole
H3
+ should be taken into account, making possible to also
describe intermediate-long distances.
This is accomplished when using the TRIM model for
H5
+ combined with the use of H3
+ with the correct long range
interactions at the asymptotes. By construction, the H5
+ is a
linear combination of all possible H3
+ fragments. Thus, for
H2+H3
+ at long distances there are contributions from the
interaction of the H2 fragment and each one of the three
atoms of the H3
+
. At long distances, these correspond to H2
−H+ long range interactions, which are properly described in
the triatomic case. When combining the contribution of each
of these H3
+ subsystems, the interaction potential takes into
account the delocalization of the positive charge in H3
+ and
describes the anisotropy corresponding to approaches at dif-
ferent geometries. Thus, the resulting potential describes bet-
ter the H2+H3
+ interaction at intermediate distances.
As an example, in Fig. 4 the interaction potential for
long distances, 10R50 a.u., for several geometries cor-
responds to H2 center of mass in the plane of the H3
+ sub-
system, whose coordinates are given in Fig. 3. The compari-
son is made in total energy. For the analytical asymptotic
model of Eq. 18 ASYMP in Fig. 4 the energy of the
TRIM method at R=50 a.u. has been added, and the positive
charge is considered to be at the H3
+ center of mass. The
energy difference between the CCSDT and the rest of the
methods at R=50 a.u. is 1.1 cm−1. That corresponds to the
value of the accuracy of the fit of the H3
+X 1A PES de-
scribed above. This is the same for distorted H3
+ geometries
not equilateral anymore as for the 1C2v, 3C2v, and out of
plane considered in the figures. All the energy curves are
parallel until R30 a.u. At this distance, the analytical form
of Eq. 18 deviates from all the other curves, which con-
tinue being parallel and very close to each other.
A similar situation occurs when H2 approaches perpen-
dicularly to the plane of H3
+
, as shown in Fig. 5. All this
analysis demonstrates that the TRIM model describes with
an accuracy of 1 cm−1 the long range interaction up to
distances of R10–20 a.u. The TRIM model gets a signifi-
cant improvement with respect to the pure asymptotic ex-
pression of Eq. 18. This is accomplished by taking into
account the delocalization of the positive charge within the
whole H3
+
, that is, the interaction between the H3
+ dipole and
the induced dipole of H2.
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3. Short-intermediate distances
For shorter distances, however, the discrepancies be-
tween TRIM and CCSDT data are larger, and the potential
wells appearing at all configurations, in Fig. 3, are always
deeper than the CCSDT ones by about 3–5 kcal/mol. The
actual position of the wells, however, is almost correct as
compared with those appearing using the CCSDT data.
The TRIM method improves significantly the DIM
model, as can be seen in Fig. 3, which is not able to properly
describe neither the position nor the depths of the wells. This
is summarized in Fig. 2 where the energy of the stationary
points shows that the TRIM model recovers the fact that the
most stable configurations correspond to a proton in between
two H2 molecules the 1C2v, 2D2d, 3C2v, and 4D2h, and any
square or tetrahedron structure is higher in energy. In fact,
nearly all the overall behavior is excellent, except for the
2D2d and 4D2h resonant structures, which correspond to
saddle points and whose barrier height is overestimated.
To get a better description of the potential, in Fig. 6
several contour plots correspond to some selected configura-
tions with the H2 center of mass in the plane of the H3
+
molecule. For the 1C2v and 3C2v, which correspond to two
H2 molecules with a proton in between, with the two mol-
ecules being perpendicular or parallel, respectively, there is a
double well structure, which is magnified by the TRIM with
a barrier of 5 kcal/mol, while for the CCSDT there is a
very low barrier between them of only 0.002 kcal/mol at the
geometries shown in the left panels of Fig. 7 with more
detail for r12=r34=1.4 a.u. This distance corresponds to the
bare H2 equilibrium distance, which is different from that of
the H–H internuclear distance in the H3
+ which is 1.61 a.u.
Thus, when the proton “moves” in between the two H2 mol-
ecules, r12 and r34=r12 vary in between these two limiting
values. When these two distances are optimized, the total
energy decreases significantly, and CCSDT barrier for the
proton hop increases slightly, but keeps significantly lower
than the one obtained with the TRIM model.
This region of the PES is very much affected by the
approximation made to treat the diabatic states of the tri-
atomic H3
+ fragments, in particular for the 3A state. At equi-
lateral triangles, the H3
+3A state presents a conical
intersection.38,57–60 In such situation the approximation de-
scribed in the Appendix is not appropriate, and further cor-
rections should be considered. Thus, several parametrization
of the energies of the two states involved in the conical in-
tersection were used, getting a substantial change in the PES,
specially near the 2D2d and 4D2h geometries. To improve the
description of the TRIM model a diabatic representation of
the PES should be employed for the description of the tri-
atomic H3
+
, as recently performed for its ground singlet
state.53,61
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CCSDT middle panel, and TRIMFIT right panel, as a function of
R−r5 and r5 distances, for several configurations as indicated in the figure,
whose nuclear configurations are given by r12=r34=0.74 Å, = /2 and the
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In spite of this approximation, the double-well region
must be affected by five-body terms. In particular, this region
of the PES is stabilized by a sort of resonant structure in
which the proton can hop forward and backward between the
two H2 molecules. This effect should low down the barrier
between the two wells and as it is not well described by the
TRIM method, should be accounted for through the use of
five-body terms as described below.
For the 5C2v and 7C2v in Fig. 6 the proton hop is not
feasible. Two H2 molecules are facing each other in a per-
pendicular and parallel configuration, respectively, while the
fifth atom is on the other side. In such configuration there is
no double well structure and r5 cannot increase since it
would imply the departure of the fifth atom leading the other
four behind, what is energetically not accessible. There is a
well slightly swallower at R2 a.u. which is much deeper
than the weak van der Waals interaction of the H22 dimer.
This could imply that the charge of the H3
+ fragment strongly
stabilizes such structures. As can be seen in Fig. 6, both the
position and the depth of the well obtained with the TRIM
model are in very good agreement with the CCSDT results,
where simply the well depth is slightly overestimated.
In the 6C2v geometry in Fig. 6, one hydrogen of H3
+ faces
the H2 molecule, being the three in a line. In such situation
the proton can hop but at a much higher energy, since in H3
+
such linear geometry is rather high by about 40 kcal/mol.
Again the agreement between TRIM and CCSDT results in
this case is also good.
The most favorable geometries for the proton hop are the
1C2v and the 3C2v ones. The transition from one to the other
of these geometries is simply a rotation of the H2 molecule
around the z-axis. Figure 8 shows the PES as a function of
the two angles,  and , describing the H2 rotation. Around
the minimum of energy, at = /2, the PES is nearly con-
stant as a function of , showing a nearly free rotation
around the z-axis, between 1C2v and 3C2v configurations.
The PES as a function of  shows a higher slope, but still
allows a rather wide amplitude of motion. TRIM model
shows a very similar behavior to that of the CCSDT results,
with the only difference that the energies are slightly lower.
The proton hop takes place when one of the atoms of H3
+
is pointing the approaching H2 molecule at the 1C2v and/or
3C2v configurations preferentially. Due to the presence of the
relatively deep well, of 8 kcal/mol, a H5
+ complex can be
formed, as assumed in the statistical models.2,11,17 For suffi-
ciently long lived complexes, the question is if H3
+ can rotate
in the xz plane. If so, any of the three H3
+ atoms could hop
from the original H3
+ to form a new one by a simple rotation,
allowing the scrambling mechanism. Figure 9 shows several
contour plots corresponding to such mechanism at different
orientations of H2 along the three Cartesian axes. The rota-
tion of H3
+ shows a barrier of the order of 5 kcal/mol. Since
the complex is about 8 kcal/mol deep, this barrier is below
the H2+H3
+ asymptote, even without considering ZPE.
Therefore, the scrambling mechanism is highly probable. As
in all the previous cases, the TRIM method describes rather
well the PES along these motions, being again slightly
deeper than the CCSDT results.
In addition, the exchange mechanism,62 in which one of
the atoms of the H2 is transferred to the H3
+ subunit, is pos-
sible by considering one proton hop followed by the scram-
bling of the new H3
+ thus formed and a subsequent proton
hop back.
Summarizing, the overall behavior of the TRIM PES is
rather satisfactory and provides a reasonable zero-order de-
scription of the H5
+ system. In order to improve the accuracy
the five-body terms are added as described below, providing
TABLE II. Accuracy vs the order of the fit. npar is the number of linear
parameters. rms error in kcal mol−1.
M npar rms
6 96 1.718
7 266 1.126
8 652 0.646
9 1444 0.341
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FIG. 8. Energy contour plot as a function of the  , angles, describing the
rotation of the H2 molecules, obtained with TRIM, CCSDT, and FIT meth-
ods, showing the transition between the 1C2v= /2,= /2 and
3C2v= /2,=0 and r12=0.812 66,r34=0.7662 Å, R=4.00 a.u.,
r5=0.7895 Å, = /2, and ==0. The contours are 331.25, 331,
330, 325, 320, and 315 kcal/mol.
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FIG. 9. Energy contour plot as a function of the R and  with =+ /2,
=0 describing the rotation of the H3+ molecule in the xz plane, with the H2
molecule at three different configurations and its center of mass at the z-axis
at a distance R. Bottom panels 1C2v with H2 along the y axis =
= /2. Middle panels 3C2v with H2 along the x axis = /2,=0. Top
panels 6C2v with H2 along the z axis ==0. The energies obtained with
TRIM, CCSDT, and FIT methods are compared. showing the transition
between r12=0.812 66,r34=0.7662 Å and r5=0.7895 Å. The contours are
335, 330, 325, 320, 310, 290, 270, and 250 kcal/mol.
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a PES in very good agreement with the exact CCSDT re-
sults, as shown in all the figures discussed so far.
C. Ab initio calculations and PES fitting
An initial grid of points is defined using the
coordinates of Fig. 1 as follows: r12,r341.4,1.5,1.6,
R2.0,2.5, . . . ,4.0, re1.0,1.5, . . . ,R−1 a.u.,  ,
0, /6,2 /6, /2,  ,0, /6,2 /6, /2,4 /6,5 /
6,, and 0, /6,2 /6, . . . ,2. Thus, the total amount
of points to calculate is about 2106. To reduce such a
quantity, first at the so defined configurations the energy is
evaluated using the TRIM model described above, and if it is
higher than an energy cutoff, the point is not evaluated. Thus,
the initial set of points is significantly reduced to about
50 000. This set of points is increased by performing more
detailed calculations at few chosen configurations, as those
showing in Figs. 2–9. In addition, several thousands of
points were chosen randomly in different coordinate and en-
ergy intervals. Thus, about 110 000 points were finally used
in the fit.
For the H3
+ ground 1A singlet37,39 a linear combination
of different three-body terms is able to reproduce the short
and intermediate part of the global potential. In the global H5
+
PES adding two five-body terms of degree M to the TRIM
approach allows to describe accurately the short and interme-
diate region. In Table II we present the rms values for differ-
ent fits to the 112 196 CCSDT ab initio energies. Increas-
ing the degree of the fit M that is the number of linear
parameters, a better global fit can be reached. We have se-
lected as the final fit that with M =8, corresponding to only
652 linear parameters and two nonlinear ones. Those param-
eters are listed in the accompanying supplementary
material.63
In Table III we compare the rms error of the fit with
M =8 with respect to different subsets of the ab initio
CCSDT energies. With 652 linear parameters and two non-
linear parameters, the rms error of the fit is only of 0.039
kcal/mol for energies below the H3
+¯H2 channel. The global
PES obtained has a rms deviation of 0.079 kcal/mol for en-
ergies below the ZPE of H3
+ and H2 energies below 27 kcal/
mol above the global well.
In Fig. 10 we show the comparison of the TRIM and
fitted PESs with respect to the calculated CCSDT energies.
In the top panel of Fig. 10 the residuals algebraic deviations
 in kcal/mol are represented as a function of the energy in
kcal/mol up to the ZPE of H3
+ and H2. In the bottom panel of
Fig. 10 the energies of the fitted PES are represented with
TABLE III. Accuracy of the fitted H5+ PES for several subsets of the ab initio CCSDT energies energies and
rms in kcal mol−1. Zero of energy corresponds to all the atoms separated.
Subset Energies Npts rms
Energies below H3+¯H2 −333.0E−324.5 18 549 0.022
Energies below H3+ZPE¯H2 −333.0E−312.0 43 529 0.060
Energies below H3+ZPE¯H2ZPE −333.0E−305.8 48 567 0.079
Energies below H4+¯H −333.0E−220.9 92 570 0.390
All H5
+ energies −333.0E−62.9 112 196 0.646
FIG. 10. Comparison of the TRIM left panels and
fitted right panels global PESs of H5+ with the
CCSDT energies. In the top panel are the residuals
algebraic deviations of the TRIM and fitted PESs vs
the energy. In the bottom panel the energy of the TRIM
and present global PESs is represented with respect to
the CCSDT energies.
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respect to the CCSDT ones for all the fitted points. The fit
improves the TRIM results two orders of magnitude in the
region of interest.
In addition, the behavior of this fit has been shown in
Figs. 2–9 and compared with the CCSDT and TRIM re-
sults. In all the cases the fit shows an extraordinary good
agreement with the CCSDT, improving the TRIM descrip-
tion of the PES.
D. Comparison with previous results
In Table IV we present the energies of the ten lower
lying stationary points on the H5
+ surface, as predicted by this
work, and compare them with previous available results. The
current parametrized PES agrees very well with the
CCSDT and CC-R1218 benchmark calculations with an av-
erage deviation of 0.045 kcal/mol, whereas for the most re-
cent surface by Xie et al.31 a value of 0.15 kcal/mol has been
reported from their ab initio data. One can also see that the
MP2 surface19 presents larger deviations and different order-
ing for the 9Cs, 6C2v, and 8C2v structures. By comparing
now with a new DFT based surface32 we found that this
surface predicts deeper well depth for the 1C2v configuration
by 0.002 and 0.0009 a.u. lower than the CCSDT and CC-
R12 data, respectively. This surface has larger average devia-
tion of 0.522 kcal/mol compared to the CCSDT data and
predicts a reverse order for the 9Cs and 6C2v conformers.
A further comparison of the present fit with the most
recent and accurate PESs reported is made in Fig. 11 for
different approaching geometries between H3
+ and H2, both
kept in their equilibrium configuration. The PES of Ref. 31
describes correctly the wells in general, but at distances of
the order of 8 a.u. it presents some oscillatory artifacts with
spurious maxima of the order of 0.4 kcal/mol. In addition, in
H3
+ geometries deviating from equilibrium these artifacts are
TABLE IV. Total energy in a.u. for the global 1C2v minimum and relative energies in kcal/mol for the rest
nine lowest lying structures obtained by the CCSDT/cc-pVQZ calculations, the present analytical PES, and
their comparison with the ones from previous available surfaces. In all cases, the relative energies are referred
to its own 1C2v energy. The energy difference in kcal/mol between the ab initio calculations and the fitted
surface is also listed.
Conformer
This work
CCSDT-R12a PESb PESc DFT PESdCCSDT PES Difference
1C2v 2.530 509 2.530 526 0.010 2.531 794 2.518 215 2.528 015 2.532 656
2D2d 0.183 0.387 0.192 0.176 0.080 0.149 0.090
3C2v 0.273 0.265 0.018 0.276 0.256 0.294 0.302
4D2h 0.520 0.656 0.125 0.521 0.419 0.458 0.483
5C2v 4.413 4.440 0.016 ¯ 5.635 4.477 5.075
7C2v 4.781 4.813 0.021 ¯ 5.687 4.795 5.455
9Cs 6.208 6.225 0.006 ¯ 7.264 6.021 7.198
6C2v 6.573 6.612 0.029 ¯ 6.076 6.886 7.021
8C2v 7.615 7.641 0.015 ¯ 7.139 7.144 8.384
10C3v 8.104 8.095 0.020 ¯ 8.011 7.755 9.105
aReference 18.
bReference 19.
cReference 31.
dReference 32.
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FIG. 11. Comparison of the potential energy curves of
H5
+ obtained with CCSDT method points, the present
fit, that of Ref. 31, and the DFT based one of Ref. 32.
The different cuts correspond to H3+ at its equilateral
equilibrium distance r12=0.8738 Å and the H2 at re
=0.7419 Å and different orientations: 1C2v=
= /2,==0, 3C2v= /2,===0, 5C2v
== /2,= ,=0, 6C2v====0, 7C2v
= /2,=0,= ,=0, and 8C2v==0,= ,
=0, out: == /2 and  , indicated in the figure,
with = /2.
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magnified. For example, for 1C2v and 3C2v geometries of
Fig. 3 and those of Fig. 5, in which the H3+ is isosceles, the
PES of Ref. 31 shows larger artifacts which do not appear
either in the CCSDT results nor the present fit.
The DFT based PES of Ref. 32 does not present the
artifacts arising from a fit to a limited number of ab initio
points. The reason is that the fit is replaced by on fly direct
first principle electronic structure calculations. Thus, the only
problem when using DFT method is the inaccuracy of the
functional used, which for H5
+ has been extensively studied in
Ref. 32. Its accuracy is very good, and the only difference
with the CCSDT results is that the well depth is slightly
overestimated by the DFT method by less than 0.5 kcal/mol.
Among all of them, the present fit is the most accurate
one, as compared with the CCSDT calculations. As dis-
cussed above the rms error is 0.079 kcal/mol in energies
below 27 kcal/mol above the global well, and it behaves
correctly at all the configurations analyzed, being exception-
ally good at those shown in Fig. 11.
IV. CONCLUSIONS
In the present work a global PES for the description of
the H3
++H2 reaction has been developed, which describes
very accurately the intermediate distances region with errors
lower than 0.1 kcal/mol. In addition, the asymptotic behav-
ior of the present global potential energy surface GPES is
extraordinarily good and describes perfectly with an error of
few cm−1 the charge-induced dipole and quadrupole interac-
tions. This is achieved by using a TRIM method developed
in this work as a zero-order description. The TRIM method
constructs the PES as a linear combination of all possible
triatomic fragments of the system as a generalization of the
more common DIM treatment that fails to describe H5
+ pro-
ducing a very poor description of the system. Using tri-
atomic potential analytical functions which describe properly
the charge-induced dipole and quadrupole interactions in
H3
+
,
39 it is therefore possible to describe the equivalent H3
+
+H2 interactions taking into account the delocalization of the
charge among the three nuclei of H3
+
. Thus, the asymptotic
expressions are extended to shorter distances up to 10–15
a.u. than the usual expression in which the charge is located
at the H3
+ center of mass, which are only valid up to 30 a.u.
or longer distances as described in this work.
The TRIM model describes qualitatively well also the
short distance region, nearly semiquantitatively, with a slight
overestimation of the well depths. The main failure corre-
sponds to the double well appearing for the proton hop
mechanism, in which the TRIM method overestimates the
energy barrier between the two wells, corresponding to H3
+
+H2 and H2+H3
+
, respectively. Such resonant structure pro-
duces a stabilization and is due to the five atoms of the sys-
tem, thus explaining the larger disagreement between the
TRIM and the CCSDT results in that region. Nevertheless,
the addition of five-body terms, to generate the final fit, cor-
rects this problem and provides a very accurate PES.
The TRIM and fit of the GPES developed in this work
are analyzed extensively along this work. The geometries at
which the proton hop mechanism takes place are described in
detail. It is seen that the H2 molecule can rotate almost freely
around the z-axis. Also, the scrambling mechanism has been
analyzed, finding a barrier for the rotation of the H3
+ within
the H5
+ complex of about 5 kcal/mol, which is lower than the
dissociation potential energy by about 3–4 kcal/mol. Thus,
the full scrambling mechanism is possible provided that the
H5
+ complex lives during sufficiently long time.
This surface can be used not only for classical and quan-
tum dynamical studies, for which it is designed for, but also
to improve the statistical methods used up to now11,17 by
incorporating the average anisotropy into the interaction
potential,64 instead of the effective isotropic one used until
now. This is possible using the present fit because it treats
very accurately the asymptotic charge-induced dipole and
quadrupole interactions. Work in this direction is currently in
progress.
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APPENDIX: H2+, H2, AND H3+ MATRIX ELEMENTS
1. H2+
For this monoelectronic system, the two eigenstates are
expressed in the minimum basis set used in the DIM and
TRIM treatment as
2gRjk =
1
2 sj1 + sk1 ,
2uRjk =
1
2 sj1 − sk1 ,
where  is the spin function with mS=1 /2, and the
indexes j ,k refer to the nuclei involved. The eigenvalues
associated to these states are denoted as Vg
+Rjk and Vu
+Rjk,
respectively.
Thus the matrix elements between the basis set functions
are in turn obtained as
sj1Hjk
+ 1sj1 = sk1Hjk
+ 1sk1
= Vg
+Rjk + Vu
+Rjk/2  +Rij ,
sj1Hjk
+ 1sk1 = sk1Hjk
+ 1sj1
= Vg
+Rjk − Vu
+Rjk/2  +Rij .
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2. H2
The ground singlet and triplet states considered
SMRjk for this system, expressed in the minimum basis
set considered, are expressed as
00Rjk =
1
2 sj
1sk
2 − sj
1sk
2 ,
10Rjk =
1
2 sj
1sk
2 + sj
1sk
2 ,
11Rjk = sj
1sk
2 ,
11Rjk = sj
1sk
2 , A1
where sj
1sk
2 are Slater determinants of spin orbitals
sj
1. The eigenvalues associated to these functions are de-
noted by V1Rjk and V3Rjk for singlet and triplets, re-
spectively. Thus, the matrix elements needed in the DIM
treatment take the form
00RjkHjk1,200Rjk
= V1Rjk = sj
1sk
2Hjk1,2sj
1sk
2
+ sk
1sj
2Hjk1,2sj
1sk
2 ,
10RjkHjk1,210Rjk
= V3Rjk = sj
1sk
2Hjk1,2sj
1sk
2
− sk
1sj
2Hjk1,2sj
1sk
2 ,
11RjkHjk1,211Rjk
= V3Rjk = sj
1sk
2Hjk1,2sj
1sk
2
− sk
1sj
2Hjk1,2sj
1sk
2 ,
1−1RjkHjk1,21−1Rjk
= V3Rjk = sj
1sk
2Hjk1,2sj
1sk
2
− sk
1sj
2Hjk1,2sj
1sk
2 . A2
The following definitions have been introduced to simplify
the notation in the main text:
Rij = V1Rij − V3Rij/2,
1Rij = 3V1Rij + V3Rij/4,
3Rij = V1Rij + 3V3Rij/4. A3
3. H3+
The expression of singlet S=0 and triplet S=1 eigen-
functions of H3
+ is formally obtained in a DIM treatment. For
this purpose, an initial basis set is first constructed formed by
three functions, similar to those used for H5
+ in Eq. 3, with
well defined total spin SMS as

˜ i
S0
=
1
2 A
˜ sj
1sk
2 − − 1SA˜ sj1sk2 ,

˜ i
S=1,MS=+1 = A˜ sj1sk2 , A4
with j i ,k j and where the tilde is introduced to distin-
guish the functions and antisymmetrization operators from
the case of H5
+
.
In this basis, the matrix elements of the triatomic H3
+
Hamiltonian, denoted by Hˆ ijk
+
, are given by

˜ i
S0Hˆ ijk
+ 
˜ i
S0 = Hii
S0Rij,Rjk,Rki
= sj
 1sk
 2Hˆ ijk
+ sj
1sk
2
+ − 1Ssk
 1sj
 2Hˆ ijk
+ sj
1sk
2 ,

˜ i
11Hˆ ijk
+ 
˜ i
11 = Hii
11Rij,Rjk,Rki
= sj
 1sk
 2Hˆ ijk
+ sj
1sk
2
− sk
 1sj
 2Hˆ ijk
+ sj
1sk
2 . A5
These matrix elements are the ones needed in Eq. 14 and
are obtained by solving the secular equation
HC = CE → H = CEC+, A6
where H is the 33 Hamiltonian matrix, E is the diagonal
matrix with the eigenvalues, and C are the matrices with the
coefficients. This equation can be rewritten in a more explicit
form as
Hii
SS
= 
j
Cij
S Ej
SCji. A7
The following definitions are made to simplify the nota-
tion:
iiRij,Rjk,Rki = Hii
0
+ Hii
1 /2 = sjskHijk
+ sjsk ,
iiRij,Rjk,Rki = Hii
0
− Hii
1 /2 = sksjHijk
+ sjsk ,
ii
1 Rij,Rjk,Rki = Hii
0
+ 3Hii
1 /4
= sjskHijk
+ sjsk − sksjHijk
+ sjsk/2,
ii
1 Rij,Rjk,Rki = − Hii
0
+ 3Hii
1 /4
= sjskHijk
+ sjsk/2 − sksjHijk
+ sjsk ,
ii
0 Rij,Rjk,Rki = 3Hii
0
− Hii
1 /4
= sjskHijk
+ sjsk/2 + sksjHijk
+ sjsk ,
ii
0 Rij,Rjk,Rki = 3Hii
0
+ Hii
1 /4
= sjskHijk
+ sjsk + sksjHijk
+ sjsk/2,
A8
where Rij ,Rjk ,Rki refers to the internuclear distances
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among the ijk nuclei, defined in a cyclic way for the tri-
atomic system, i.e., i , j ,k=1,2 ,3 with j i ,k j. Note, how-
ever, that when used in the TRIM the subindexes of the
matrix elements refer to the 33 matrix of the triatomic
DIM Hamiltonian, while the subindexes of the radial coordi-
nates can then be i , j ,k , l ,m to denote the five nuclei of H5+.
1 T. J. Millar, Planet. Space Sci. 50, 1189 2002.
2 D. Gerlich, J. Chem. Phys. 92, 2377 1990.
3 D. Gerlich and S. Schlemmer, Planet. Space Sci. 50, 1287 2002.
4 T. J. Millar, A. Bernett, and E. Herbst, Astrophys. J. 340, 906 1989.
5 L. Pagani, M. Salez, and P. G. Wannier, Astron. Astrophys. 258, 479
1992.
6 J. Tennyson, Rep. Prog. Phys. 58, 421 1995.
7 B. J. McCall and T. Oka, Science 287, 1941 2000.
8 D. Smith, N. G. Adams, and E. Alge, Astrophys. J. 263, 123 1982.
9 K. Giles, N. G. Adams, and D. Smith, J. Phys. Chem. 96, 7645 1992.
10 D. Gerlich, E. Herbst, and E. Roueff, Planet. Space Sci. 50, 1275 2002.
11 E. Hugo, O. Asvany, and S. Schlemmer, J. Chem. Phys. 130, 164302
2009.
12 D. Wang, Z. Xie, and J. M. Bowman, J. Chem. Phys. 132, 084305
2010.
13 M. Quack, Mol. Phys. 34, 477 1977.
14 T. Oka, J. Mol. Spectrosc. 228, 635 2004.
15 D. Uy, M. Cordonnier, and T. Oka, Phys. Rev. Lett. 78, 3844 1997.
16 M. Cordonnier, D. Uy, R. M. Dickson, K. E. Kerr, Y. Zhang, and T. Oka,
J. Chem. Phys. 113, 3181 2000.
17 K. Park and J. C. Light, J. Chem. Phys. 126, 044305 2007.
18 H. Müller and W. Kutzelnigg, Phys. Chem. Chem. Phys. 2, 2061 2000.
19 G. E. Moyano and M. A. Collins, J. Chem. Phys. 119, 5510 2003.
20 Y. Yamaguchi, J. F. Gaw, B. Remington, and H. F. Shaefer III, J. Chem.
Phys. 86, 5072 1987.
21 M. Farizon, H. Chermentte, and B. Farison-Mazuy, J. Chem. Phys. 96,
1325 1992.
22 T. Pang, Chem. Phys. Lett. 228, 555 1994.
23 I. Štich, D. Marx, M. Parrinello, and K. Terakura, J. Chem. Phys. 107,
9482 1997.
24 E. W. Ignacio and S. Yamabe, Chem. Phys. Lett. 287, 563 1998.
25 M. Barbatti, G. Jalbert, and M. A. C. Nascimento, J. Chem. Phys. 113,
4230 2000.
26 M. Barbatti, G. Jalbert, and M. A. C. Nascimento, J. Chem. Phys. 114,
7066 2001.
27 R. Prosmiti, P. Villarreal, and G. Delgado-Barrio, J. Phys. Chem. A 107,
4768 2003.
28 U. Nagashima, K. Morokuma, and H. Tanaka, J. Phys. Chem. 96, 4294
1992.
29 W. P. Kraemer, V. Spirko, and O. Bludský, J. Mol. Spectrosc. 164, 500
1994.
30 R. Prosmiti, A. A. Buchachenko, P. Villarreal, and G. Delgado-Barrio,
Theor. Chem. Acc. 106, 426 2001.
31 Z. Xie, B. J. Braams, and J. M. Bowman, J. Chem. Phys. 122, 224307
2005.
32 P. Barragan, R. Prosmiti, O. Roncero, A. Aguado, P. Villarreal, and G.
Delgado-Barrio, J. Chem. Phys. 2010 in press.
33 F. O. Ellison, J. Am. Chem. Soc. 85, 3540 1963.
34 F. O. Ellison, N. T. Huff, and J. C. Patel, J. Am. Chem. Soc. 85, 3544
1963.
35 J. C. Tully, Adv. Chem. Phys. 42, 63 1980.
36 P. J. Kuntz, in Atom-Molecule Collision Theory: A Guide for Experimen-
talists, edited by R. B. Bernstein Plenum, New York, 1979, p. 79.
37 A. Aguado, O. Roncero, C. Tablero, C. Sanz, and M. Paniagua, J. Chem.
Phys. 112, 1240 2000.
38 C. Sanz, O. Roncero, C. Tablero, A. Aguado, and M. Paniagua, J. Chem.
Phys. 114, 2182 2001.
39 L. Velilla, B. Lepetit, A. Aguado, J. A. Beswick, and M. Paniagua, J.
Chem. Phys. 129, 084307 2008.
40 C. Tablero, A. Aguado, and M. Paniagua, J. Chem. Phys. 110, 7796
1999.
41 MOLPRO, a package of ab initio programs designed by H.-J. Werner and P.
J. Knowles, Version 2006, J. Almlöf, R. D. Amos, A. Berning et al.
42 T. H. Dunning, J. Chem. Phys. 90, 1007 1989.
43 T. J. Lee, J. E. Rice, G. E. Scuseria, and H. F. Schaefer, Theor. Chim.
Acta 75, 81 1989.
44 S. F. Boys and F. Bernardi, Mol. Phys. 19, 553 1970.
45 G. V. Pfeiffer, N. T. Huff, E. M. Greenawalt, and F. O. Ellison, J. Chem.
Phys. 46, 821 1967.
46 P. Barragán, L. F. Errea, A. Macías, L. Méndez, I. Rabadán, A. Riera, J.
M. Lucas, and A. Aguilar, J. Chem. Phys. 121, 11629 2004.
47 J. R. Álvarez-Collado, A. Aguado, and M. Paniagua, J. Chem. Phys. 102,
5725 1995.
48 A. Aguado, C. Tablero, and M. Paniagua, Comput. Phys. Commun. 134,
97 2001.
49 C. Tablero, A. Aguado, and M. Paniagua, Comput. Phys. Commun. 140,
412 2001.
50 A. Aguado, C. Suarez, and M. Paniagua, J. Chem. Phys. 101, 4004
1994.
51 I. G. Kaplan, Symmetry of Many-Electron Systems Academic, New York,
1975.
52 A. Aguado and M. Paniagua, J. Chem. Phys. 96, 1265 1992.
53 L. P. Viegas, A. Alijah, and A. J. C. Varandas, J. Chem. Phys. 126,
074309 2007.
54 A. J. C. Varandas, in Conical Intersections: Electronic Structure, Dynam-
ics and Spectroscopy, Advanced Series in Physical Chemistry, edited by
D. R. Yarkony, W. Domcke, and H. Köppel World Scientific, Singapore,
2004, p. 205.
55 J. N. Murrell, S. Carter, S. C. Farantos, P. Huxley, and A. J. C. Varandas,
Molecular Potential Energy Surfaces Wiley, Chichester, 1984.
56 C. A. Coulson, Proc. R. Soc. Edinburgh, Sect. A: Math. Phys. Sci. 61, 20
1941.
57 O. Friedrich, A. Alijah, Z. R. Zu, and A. J. C. Varandas, Phys. Rev. Lett.
86, 1183 2001.
58 M. Cernei, A. Alijah, and A. J. C. Varandas, J. Chem. Phys. 118, 2637
2003.
59 L. P. Viegas, M. Cernei, A. Alijah, and A. J. C. Varandas, J. Chem. Phys.
120, 253 2004.
60 A. J. C. Varandas, A. Alijah, and M. Cernei, Chem. Phys. 308, 285
2005.
61 P. Barragán, L. F. Errea, A. Macías, L. Méndez, I. Rabadán, and A. Riera,
J. Chem. Phys. 124, 184303 2006.
62 B. A. Tom, A. A. Mills, M. B. Wiczer, K. N. Crabtree, and B. J. McCall,
J. Chem. Phys. 132, 081103 2010.
63 See supplementary material at http://dx.doi.org/10.1063/1.3454658 for a
file containing tables of the corresponding parameters of the fit.
64 S. C. Smith and J. Troe, J. Chem. Phys. 97, 5451 1992.
024306-15 A new accurate and global potential for H5+ J. Chem. Phys. 133, 024306 2010
Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
